The magnetic properties of the novel compound DyGe 3 have been studied by neutron diffraction and magnetic measurements. 
Introduction
In a recent publication [1] we reported on the structure of a novel type binary Dy-Ge compound of composition DyGe 3 on the basis of X-ray and neutron powder diffraction data. This structure has been described as a stacking variable of the CrB-type structure of DyGe with a change of the stacking sequence along the b-axis by introducing four Ge atomic layers perpendicular to it. The building blocks (which are also favoured by other rare earth germanium and silicon compounds) of the CrB structure are trigonal rare earth prisms centered by germanium or silicon which are stacked in a double-layer arrangement parallel to the (010) plane.
The structural similarity is also displayed by the lattice constants, a and c of the two compounds are comparable, while b of DyGe 3 is almost twice that of DyGe (a = 0.4254 (1) DyGe, like all heavy rare earth germanium and silicon compounds, orders antiferromagnetically below T n = 37 K. Its uniaxial magnetic moment arrangement is associated with a cell doubling in the c direction [2] . The Dy moments are oriented along the c direction but have opposite directions when going from one cell to the other in the c direction. In view of the similarity between DyGe and DyGe 3 it is of interest to study the magnetic properties also of DyGe 3.
Experimental
Results of magnetic measurements made for DyGe 3 on a SQUID magnetometer are shown in Fig.  1 . From these data it can be derived that DyGe 3 orders antiferromagnetically below T N = 24 K. Also shown in Fig. 1 is a plot of the temperature dependence of the reciprocal susceptibility. From this plot one derives 0p =-33 K and ~geff~---10.49p, B/Dy, the latter value being close to the free-ion value (10.63/zB/Dy).
The neutron diffraction data (performed on the same sample and under the same experimental conditions in the reactor Saphir in Wiirenlingen, as described in Ref. [1] ) were collected for various temperatures in the range 8-30 K (A = 1.7012 ,~).
Results and discussion

Magnetic ordering
In the magnetically ordered state as shown in Fig.  2 , one observes a large number of additional peaks of magnetic origin in the low-angle 2 0 region. These are situated at different reciprocal lattice positions than those of the nuclear cell, therefore k ¢ 0. Their indexing has been possible by assuming a sixfold cell enlargement of the monoclinic primitive nuclear cell (2a, (a + b)/2, 3c) where a, b and c refer to the orthorhombic C-centered lattice.
From the observed systematic extinctions ((hkl) . h -2n and Okl all absent for all k and 1) one is led to an anticentered magnetic monoclinic lattice denoted Pa with the translations (a',b',c') and the antitranslation (1/2, 0, 0). This has a consequence that atoms related by the C-centering translation in the orthorhombic cell have their moments parallel, and all calculations have to refer to the reduced primitive cell with the symmetry Pll21/m [3] . Taking into account the antitranslation operation (1/2, 0, 0), one can derive the magnetic space group Pa21/m (Sh~ 6) [4] , provided that no further symmetry reduction OCCllrs.
The relation between the P, monoclinic cell and the orthorhombic C-cell is shown in Fig. 3 
Z t Z C r * where the primed symbols refer to the monoclinic lattice and those without primes refer to the orthorhombic lattice: Table 1 .
The magnetic structure
The magnetic modes allowed for the Dy(1) atoms at the 8f symmetry site in the magnetic space group Pa2Jm, are given in Table 2 . This position may have a general magnetic moment direction while Dy (2) CyC_y AzA_ z Table 3 ). These values fall below the free-ion value (gJtXB = 10/X B for Dy3*), presumably due to crystal field effects.
If one neglects the position parameter deviations from the ideal values of the two Dy positions their change in sign along the c direction can be described as a collinear antiphase domain stacking of the type ___ ( + --) of translationally equivalent atoms with different moment values, which results in the 3 × c cell enlargement as shown in Fig. 4 .
An alternative description of this structure can be given in the form of a modulated magnetic structure of the basic monoclinic cell a, (a + b)/2, c which contains the two magnetic atoms Dy(1) at r~ (0.576, 0.836, 1/4) and Dy(2) at r 2 = (0.424, 0.164, 3/4) =-rl, and the two observed wave vectors, k~ = (1/2, 0, 0) and k 2 = (1/2, 0, 1/3). In terms of Table 1 Atomic parameters of DyGe 3. The orthorhombic Cmcm cell: odd atoms occupy the 8f (0,y,z) and even atoms the 4c (0,y,1/4) sites. a Fourier representation [5] [6] [7] any periodic magnetic moment arrangement with the moments at positions Rn~ = r~ +R,, where R, = nla + n2b + n3c ( 
for u = 1 and, analogously, with M~ for ~, = 2. In (3) ~P]v can be put equal to zero and therefore the index j can be suppressed, q~2 ~ = %. Consequently, tan %= -Q~/Q~,
If there is a symmetry relation between ~, = 1 and v = 2 there are not six but three parameters. Moreover, one may put in a result from Landau theory that states that q~ is restricted, and for a special choice of origin can be put equal to 0 or ~/3. The moment arrangement M 0 =-M~ =-M e (Fig. 4) found from the refinement at temperatures QI/{Q2 +Q~2}1/2 is temperature dependent.
The temperature dependence of the magnetic intensities
Given the fact that in several members of the R-Ge family, including TbGe3, phase transitions comprising incommensurate phases were frequently observed, five neutron patterns were collected in the region 8-25 K. From these data it turns out that the positions of the magnetic reflections remain unchanged up to T N and therefore the wave vectors k 1 and k 2 remain commensurate with the crystal lattice. On the other hand, one observes a rapid intensity decrease of the unique observed reflection (1/2, 0, 0) (20= 12.3 °) associated with the Fourier coefficients Q~(kl), as shown in the refined neutron pattern at 14 K (see Fig. 5 ) compared with those of
Qv(k2). This indicates a change in the ratio
{ ~2 Q~z}I/2 Q~/Q2 + 3 as a function of temperature. In terms of Eqs. (4)- (6) it finally results in the different temperature-dependent behaviours of the moments of the two Dy positions, as given in Table 2 (for the enlarged magnetic cell).
In fact, contrary to the results obtained at 8 K, the refined moment values of the two Dy positions are To derive the temperature dependence of the two sublattices we have measured the temperature dependencies of the intensities of two representative reflections (1/2, 0, 0)~ Q~(kl) 2 and (1/2, 1, 1/3)= Q~(k2) 2, which in fact display quite different behaviours with T. These temperature dependencies are shown in Fig. 6 . The upper curve represents the intensity of the reflection (1/2, 1, 1/3) where the contributions of the two Dy sublattices add in the structure factor. The different behaviour compared to the (1/2, 0, 0) reflection indicates a change in the relative moment values. The temperature dependencies of these two reflections have been used to derive the temperature dependencies of the moments of the two Dy sites shown at the top of Fig. 7 . One may distinguish three different regions with the temperature. Both sites start to order at T N = 24 K, the moments ~2 are seen to increase quite abruptly and to reach saturation already at T~ = 19 K, while the increase in the moments /~ occurs much more smoothly and reaches saturation below T 2 = 10 K. One may realize that in the temperature range I (19 
The squaring up of the modulated structure
This rather unusual temperature behaviour of the magnetic moments can be explained more adequately for the structure description given in Section 2.2 in terms of three Fourier coefficients Q~ over the whole temperature range. As already mentioned, when choosing the origin at the atom 1" one finds q~l = 0 and Q~= 0 for that atom, and therefore 
Concluding remarks
The occurrence of a sine wave or antiphase domain (with two amplitudes) high-temperature magnetic phase between T~ and T N which at a lower temperatures (T< 7"1) undergoes transition a progressive squaring up to a collinear antiphase domain structure with equal moment without any change in the wave vector length k 2 = (1/2, 0, 1/3) is also found for the isomorphic TbGe 3 [8] . For the latter compound however, the magnetic lattice requires a sixfold cell enlargement of the orthorhombic C cell (2 a,b,3 c) because the atoms related by the C-centering operation have opposite moments. Both compounds have their main axis of antiferromagnetism along c, parallel to the direction of linear chains with the smallest distance, as observed for the parent DyGe and the high-temperature modification of the ThGe compound [2] .
The squaring up of the magnetically modulated high-temperature structure manifests itself by the onset of the magnetic satellites associated with a second wave vector k I = (1/2, 0, 0) observable in the neutron pattern at lower temperatures. The ratio of the observed Fourier coefficients QI/Q~ pertaining to the two vectors is a measure of the degree of the continuous transition from the sinusoidal to the antiphase domain type. The temperatures T 1 and T 2 shown in Fig. 7 do not in fact represent real transition temperatures because no discontinuities in either the Dy moment value or the wave vectors have been observed. The existence of uniaxial magnetic moment arrangements indicates the existence of a strong crystal field anisotropy, and the presence of two wave vectors indicates the presence of competing interactions leading to complex ordering mechanisms.
A similar squaring up mechanism that can be described with the help of two wave vectors ql = 1/3b*, q2 = 0 has been reported for the orthorhombic DyGe 2 and TbCu 2 compounds [9, 10] . These compounds also display high-temperature collinear modulated magnetic structures, and calculations of the exchange energies [11, 12] have shown that the description of the complex transition mechanisms occurring in both the DyGe 2 and TbCu 2 compounds requires a 12-sublattice model with Ising spin S= 1/2 and the assumption of four kinds of exchange interactions. Most likely a similar mechanism is operative in the DyGe 3 and TbGe 3 compounds.
